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Abstract: The activation of methanol (CD3OD and CD3OH) by small cationic
gold clusters has been investigated via infrared multiphoton dissociation (IR-
MPD) spectroscopy in the 615–1760 cm−1 frequency range. The C–O stretch mode
around 925 cm−1 and a coupled CD3 deformation/C–O stretch mode around
1085 cm−1 are identified to be sensitive to the interaction between methanol and
the gold clusters, whereas all other modes in the investigated spectral region
remain unaffected. Based on the spectral shift of these modes, the largest C–O
bond activation is observed for the mono-gold Au(CD3OD)+ cluster. This activa-
tion decreases with increasing the cluster size (number of gold atoms) and the
number of adsorbed methanol molecules. Supporting density functional theory
(DFT) calculations reveal that the C–O bond activation is caused by a methanol
to gold charge donation, whereas the C–D and O–D bonds are not significantly
activated by this process. The results are discussedwith respect to previous exper-
imental and theoretical investigations of neutral and cationic gold-methanol
complexes focusing on the C–O stretch mode.
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1 Introduction
Methanol represents one of the most important feedstocks for chemical indus-
try. The production of a large variety of chemicals, such as e.g. formaldehyde,
acetic acid, ethanol, or dimethyl ether, is based on methanol [1]. In particular,
the methanol to olefin process (MTO) is becoming of increasing importance due
to the growing demand for ethylene and propylene [2]. Besides the importance of
methanol as chemical feedstock, it also plays an increasing role as transportation
fuel inmoderngasoline-replacing technologies.Methanol canbeusedas a fuel for
directmethanol fuel cells or as ahydrogen storagemedium topowerhydrogen fuel
cells. Furthermore, the good combustion characteristics of methanol and some
of its derivatives, such as dimethyl ether, make them ideal fuels for combustion
engines and as diesel substitutes [1].
All these reactions require the activation and at least partial decomposition
of methanol. Depending on the used catalyst methanol can decompose into vari-
ous different reaction products such as formaldehyde, methyl-formate, dimethyl
ether or even CO, CO2, H2, and CH4. For example, dehydration of methanol in
the MTO process via formation of dimethyl ether (CH3)2O and water to ethylene
and propylene requires the dissociation of both the methanol C–O and C–H/O–H
bonds [3]. In contrast, dehydrogenation of methanol to formaldehyde, methyl-
formate, or complete dehydrogenation to CO and H, involves only C–H and O–H
bond cleavage but not C–O bond dissociation [3, 4].
To gain a fundamental molecular level insight into the activation and disso-
ciation of small molecules mediated by metal catalysts, free (gas-phase) metal
atoms and small clusters have been shown to represent well-defined and pow-
erful model systems for the active sites of such catalysts [5–8]. However, so far
purely theoretical studies of methanol-(transition) metal cluster complexes were
limited to a few selected systems and mostly focused on O–H and C–H bond dis-
sociation [9–18]. Experimentally, a fewmetal atoms and cations [19–26] as well as
clusters of different metals such as Al [27], Ag [28], Au [28–32], Co [33], Cu [28, 34],
Fe [35–37], Ni [38, 39], and V [40] have been studied. Whereas all investigated
neutral clusters [28, 36, 37] as well as cationic gold [29–31] and cobalt [33] clusters
adsorb methanol as an intact molecule, nickel and copper clusters were found to
dissociatemethanol via demethanation, carbide formation, or C–Obonddissocia-
tion at collision energies of up to 2 eV [34, 38, 39]. So far only some cationic vana-
dium and anionic aluminum clusters were found to mediate O–H, C–H, and/or
C–O bond dissociation under thermal conditions [27, 40].
Recently, several studies demonstrated the catalytic activity of supported
gold, gold-oxide, and platinum-gold nanoparticles in the partial and complete
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oxidation of methanol to e.g. methyl formate, formaldehyde, formic acid, CO, and
CO2 [41–46]. In particular for the case of Au/TiO2(110) the critical reaction step,
namely the O–H bond dissociation, has been shown to occur on the oxide sup-
port and not on the gold particle [41]. Similarly, methanol adsorbs only weakly
and molecularly on an Au(110) surface but becomes activated in the presence of
oxygen to form water, methyl formate, hydrogen, and carbon dioxide [47]. These
findings raise the question what role the gold nanoparticles themselves play in
the activation of methanol. To gain a fundamental understanding of the gold-
methanol interaction unsupported gold clusters in the gas phase represent ideal
model systems. Already two decades ago IR photodissociation studies on neu-
tral and cationic gold have been reported, all focusing on the spectral range of
the methanol C–O stretch. These experiments showed that up to four methanol
molecules bind molecularly to the clusters. While C–O bond activation appears
to be cluster size independent for neutral clusters [28], it decreases with cluster
size and the number of adsorbed methanol molecules for cationic gold clusters
[13, 29–31]. All these previous IR photodissociation experiments of cationic gold-
methanol complexes were performed with a line-tunable CO2 laser with emis-
sion lines between 913–956 cm−1, 966–983 cm−1, 1035–1057 cm−1, and 1070–
1086 cm−1, thus focusing on the methanol C–O stretch mode only. Furthermore,
for the small clusters Aux+ (x = 1–7) the peak of the resonance lies in the fre-
quency range of the Q-branch of CO2 where no laser lines are available and, thus,
the centroid frequencies could only be estimated.
Here we present for the first time infrared multiphoton dissociation (IR-MPD)
spectra of Aux(CD3OD)y+ in the frequency range between 615 and 1760 cm−1.
Employing the IR laser beam of the Free Electron Laser for Intra Cavity Experi-
ments (FELICE) allows for continuous tuning of thewavelength in the investigated
spectral region containing seven of the twelvemethanol fundamental modes. The
observed bands are assigned based on comparisonwith IR-MPD spectra addition-
ally obtained for isotopically labeled Aux(CD3OH)y+ and calculated vibrational
spectra. Besides the previously studied C–O stretchmode around 925 cm−1 a sec-
ond mode around 1085 cm−1 corresponding to a coupled CD3 deformation/C–O
stretchmode is identified to be sensitive to the interaction betweenmethanol and
the gold clusters. All othermethanolmodes appear to remainunaffected. In agree-
ment with previous studies the C–O stretch mode is red-shifted compared to free
CD3OD indicating C–O bond activation. This activation, however, is reduced with
increasing cluster size and number of adsorbed methanol molecules. Supporting
density functional theory (DFT) calculations show a C–O bond activation, with
bond elongation of up to 0.05 Å caused by a methanol to gold charge donation,
whereas C–D and O–D bonds are barely activated if at all.
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2 Methods
2.1 Experimental methods
Cationic gold clusters were produced by pulsed laser ablation of a rotating gold
target in the presence of a short pulse of helium carrier gas. To enhance cluster
growth, the He buffer gas was seeded with about 5% oxygen. Cluster-methanol
complexes were formed by introducing a mixture of 5% methanol in helium
via a second pulsed valve 50 mm downstream in a flow tube reactor. To avoid
mass overlap with oxygen, the experiments have been performedwith deuterated
methanol CD3OD and CD3OH instead of CH3OH. On exiting the flow reactor, the
reactionmixturewas expanded into vacuum forming amolecular beam. After col-
limating and shaping the ion beam, it interacted with the IR laser beam of the
Free Electron Laser for Intra Cavity Experiments (FELICE) crossing it at an angle
of 35°. A few µs after interactionwith FELICE, all clusterswere extracted by a set of
pulsed high voltage plates into a reflectron time-of-flight mass spectrometer and
detected with a microchannel plate detector [48, 49].
FELICE laser pulses are produced in a pulse train, the so-called macropulse,
with a typical duration of 9 µs, consisting of ps-longmicropulses at a 1 ns separa-
tion. The near transform limited radiation of FELICE covered the 615–1760 cm−1
spectral range and the spectral widthwas set to approximately 0.4%FWHMof the
central frequency.
In IR-MPD spectroscopy, vibrational spectra are recorded by monitoring frag-
mentation of a given cluster complex. Whenever the IR laser is in resonance with
an IR active vibrational mode, multiple IR photons can be absorbed sequentially,
leading to a heating of the complex and, when the internal energy is sufficient, to
its fragmentation. This fragmentation results in a depletion of the detected signal
intensity. IR-MPD spectra were recorded by measuring the cluster-complex inten-
sity (I) in the mass spectrum as a function of the IR frequency. To correct for long
term source fluctuations, the experiment was operated at twice the FELICE rep-
etition rate, allowing for the recording of reference mass spectra (I0) in between
successive FELICE pulses.
2.2 Theoretical methods
In the theoretical calculations, we explored the atomic arrangements and elec-
tronic structures of the gold clusters and their complexes with methanol. The cal-
culations were performedwith the use of density functional theory (DFT) employ-
ing the Vienna ab-initio simulation package VASP [50–53]. The wavefunctions
Brought to you by | Radboud University Nijmegen
Authenticated
Download Date | 2/24/20 12:00 PM
Methanol C–O Bond Activation by Free Gold Clusters | 869
were expanded in a plane wave basis with a kinetic energy cut-off of 400 eV. The
interaction between the atom cores and the valence electrons was described by
the projector augmented-wave (PAW) potential [54] (including relativistic effects
for gold [55]) and the exchange-correlation potential was described by the PBE
generalized gradient approximation (GGA) [56]. For all calculations, a supercell
with a lattice constant of 25 Å was used to avoid interactions between the clus-
ter complexes and their periodic images. To further minimize the electrostatic
interaction with the images a neutralizing background charge as well as dipole
and quadrupole corrections to the total energy were applied [57]. For structure
optimization, convergence was achieved when the change in the total energy was
smaller than 10−6 eV.
For selected low-energy structures vibrational spectra were calculated in the
harmonic approximation by determining the dynamical matrix (matrix contain-
ing the electron density response to atomic displacements from equilibrium)
using density functional perturbation theory [58, 59]. To benchmark our calcula-
tions, we also calculated the spectra for relevant isotopologues of free methanol.
3 Results and discussion
3.1 IR-MPD spectra of Au3(CD3OX)1,2+ (X = H, D)
Free methanol has twelve normal modes, all of which are IR active. For fully
deuterated methanol, CD3OD, four modes corresponding to CD3 and OD stretch
motions have frequencies between 2730 and 2080 cm−1, and the torsional mode
is at 196 cm−1. The remaining seven modes are all found in the frequency range
of 615–1760 cm−1 investigated here. These modes correspond to CD3 deformation
(1135, 1080, and 1024 cm−1) and rocking (892 and 776 cm−1) vibrations as well
as the OD bend (1060 cm−1) and the C–O stretch (983 cm−1) vibration [60]. The
theoretical spectrum for free CD3OD, shown as sticks in Figure 1a, has modes at
1108, 1046 and 1028 cm−1 (CD3 deformations), 871 and 750 cm−1 (CD3 rocking),
1052 cm−1 (OD bend), and 968 cm−1 (CO stretch).
For the complexation product of CD3OD with Au3+ we recorded the IR-MPD
spectrum shown in Figure 1a. This spectrum exhibits a strong band centered
at 916 cm−1 (labeled I) as well as a structured broad band between 1130 and
970 cm−1, suggesting the overlap of at least two bands (labeled II, III). Band I
can be assigned to the C–O stretch motion, although red-shifted by 67 cm−1 com-
pared to free CD3OD, and bands II and III are in favorable agreement with the
fourmodes of freemethanol between 1135 and 1060 cm−1. The two rockingmodes
at 892 and 776 cm−1 are not observed in the experimental spectrum. For further
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Fig. 1: IR-MPD spectra of (a) Au3(CD3OD)+ and (b) Au3(CD3OH)+ as well as (c) Au3(CD3OD)2+,
(d) Au3(CD3OH)2+, and (e) Au3(CD3OD)(CD3OH)+. The dots of the experimental spectra repre-
sent the sum of typically five spectra and the solid lines are obtained by a five-point average.
The red curves represent calculated spectra of the complexes shown at the bottom of the
figure. Structural models: Au yellow, O red, C gray, H white. The sticks at the bottom of the
spectra show the calculated vibrational spectra of free CD3OD and CD3OH, respectively.
assignment of the observed bands Figure 1b displays the IR-MPD spectrum of the
complex Au3(CD3OH)+ containing methanol-d3. This spectrum clearly shows a
gap between the strong band I and the formerly overlapping bands II, III. In addi-
tion, a band centered at 1288 cm−1 appears indicating that band II shifts from
about 1015 cm−1 to 1288 cm−1 upon D/H exchange. Band III, between 1130 and
1055 cm−1, is in agreement with the onset of a resonance around 1080 cm−1 as
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previously observed for Aux(CH3OH)+ [31]. Comparison of the IR spectra of free
CD3OD (black bars in Figure 1a) and CD3OH (black bars in Figure 1b) shows that in
the investigated frequency range only two modes are considerably influenced by
D/H exchange, namely the vibration at 1060 cm−1 (experimental: 1060 cm−1 →
1297 cm−1 [60]; theoretical: 1052 cm−1→ 1290 cm−1) and the mode at 776 cm−1
(experimental: 776 cm−1 → 858 cm−1 [60]; theoretical: 750 cm−1 → 832 cm−1).
The first mode has been assigned to an OD (OH) bend motion and the latter
to a CD3 rock motion [60]. However, the theoretical simulations of the vibra-
tional modes suggest that both modes are combinations of OD(OH) bend and CD3
motions. Based on this comparison, band II of Au3(CD3OD)+ can be assigned to
an OD bending mode which shifts to 1288 cm−1 (II) upon isotopic exchange. The
second mode which should undergo a considerable isotopic shift is not observed
in the experimental IR-MPD spectrum.
The above assignment, which is based solely on the calculated spectra for
free CD3OH/D, is further supported by calculations of the tri-gold methanol com-
plexes. In agreement with previous studies [12, 13] methanol binds to the gold
cation via one of the hydroxyl lone pairs (cf. structures shown in Figure 1). Com-
parison of the IR-MPD spectra with the calculated spectra of Au3(CD3OD)+ and
Au3(CD3OH)+ (shownas red curves in Figure 1a andb) demonstrates a goodagree-
ment. In particular, the strong red-shift of the C–O stretch motion compared to
the free molecules and the considerable blue-shift of the OD(OH) bend motion
upon D/H exchange are well reproduced. The calculations further predict the
CO stretch mode to gain intensity relative to the CD3 deformation modes and a
strong intensity reduction for the CD3 rocking motions upon complexation. Both
of these predictions are in line with the observation: band I dominates the exper-
imental spectrum, while no indication for an appreciable CD3 mode around 892
and 776 cm−1 is observed. Perhaps the only dissonant is the slight underestima-
tion of the theoretical band assigned to band II in Au3(CD3OH)+. In conclusion,
the spectra for Au3(CD3OH/D)+ give evidence for intact adsorption with moder-
ate activation of the CO bond. No evidence is found for methanol dissociation,
for instance via formation of a methoxy group and a gold bound hydrogen atom
(O–Ddissociation), formaldehyde andD2 (O–DandC–Ddissociation), or amethyl
and hydroxyl group (C–O dissociation). In the first case, a gold-Dmode should be
visiblewhich shifts uponD/Hexchange,whereas in the secondcase the character-
istic C–O bond of formaldehyde around 1700 cm−1 [60] should be observed. C–O
bond dissociation is unlikely due to the intense band I which should be consid-
erably less intense or even completely disappear in case of formation of a second
isomer.
Adsorption of a second methanol molecule on the Au3+ cluster (cf. Figure 1c
and d) leads to very similar IR-MPD spectra as in the case of one methanol
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molecule and the IR-MPD spectra are again in very good agreement with the
calculated spectra (red curves) of Au3(CD3OD)2+ and Au3(CD3OH)2+. Compared
to Au3(CD3OD)+ merely the strong band I, assigned to the C–O stretch, slightly
blue-shifts by about 17 cm−1 upon adsorption of a second methanol molecule.
Furthermore, in the IR-MPD spectrum of Au3(CD3OH)2+ the onset of a band at the
red edge of the spectrum is visible. One possible explanation would be that this
is the start of an absorption band due to the torsional motion of one of the CD3OH
molecules at 493 cm−1 (the one for the second CD3OH is predicted at 449 cm−1).
These bands are considerably red-shifted to 369/343 cm−1 for the fully deuterated
molecules, thus explaining the absence of any absorption in Figure 1c. For the
case of two adsorbedmethanolmolecules the IR-MPD spectrumof themixed com-
plex Au3(CD3OD)(CD3OH)+ is also shown in Figure 1e. As expected, this spectrum
shows all the features of both CD3OD and CD3OH, in particular the overlapping
bands II and III (CD3OD) and the existence of the shifted band II (CD3OH) as well
as an onset of a band at the red edge of the spectrum.
3.2 Cluster size dependent methanol C–O bond activation
In the previous section we have discussed the IR-MPD spectra for Au3(CD3OX)+
and Au3(CD3OX)2+ (X = D, H). In a similar way, we have analyzed spectra
recorded for Aux(CD3OX)+ (x = 1–7). Here, the identification of characteristic
modes of the vibrational spectrum would allow us to study the evolution of
methanol activation with gold cluster size and the number of adsorbed methanol
molecules on the cluster.
A previous theoretical study of selected Aux(CH3OH)+ showed that methanol
binds to gold clusters via transmuting a lone pair of the hydroxyl group into an
Au-O bond whereas the electronic structure of the rest of the methanol molecule
remains qualitatively untouched [13, 29]. This results in a charge donation from
the oxygen atom to the gold cluster. As a consequence, the bond order of the
C–O bond and the O–H bond is reduced, i.e. these bonds are weakened, which is
reflected in the frequency of the C–O stretchmode [13]. This theoretical prediction
is in agreement with previous photodissociation studies of Aux(CH3OH)y+ which
showed a clear dependence of the C–O stretch frequency on the cluster size and
the number of adsorbed methanol molecules [29, 31].
In linewith these studies, the IR-MPDspectrumofAu3(CD3OD)+ shownabove
indicates that in particular the C–O stretch mode is shifted upon complexation
of methanol with Au3+. However, comparison of all theoretically obtained seven
modes located in the investigated frequency regionwith the correspondingmodes
of the free CD3ODshows that not only the C–O stretchmode at 983 cm−1 red-shifts
upon complexation but also the CD3 deformation mode at 1135 cm−1, whereas
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the CD3 rocking mode at 776 cm−1 blue-shifts. The remaining four modes are not
affected by the gold cluster (∆ν = ν(Au3(CD3OD)+) − ν(CD3OD) < 5 cm−1). Sim-
ilar frequency shifts are also observed for Aux(CD3OH)+. The mode at 1135 cm−1
has been assigned to a symmetric CD3 deformation [60], which, however also
involves the stretching of the C–O bond and can be considered a coupled CD3
deformation/C–O stretch mode. In contrast, the mode at 776 cm−1 is assigned
to combined OD bend/CD3 deformation motion. Since this mode is not observed
in the experimental IR-MPD spectra and does not seem to considerably depend
on the cluster size and the number of adsorbed methanol molecules, it will not
be regarded as characteristic and will not be considered further. Instead the
following discussion will focus on the C–O stretch mode and the coupled CD3
deformation/CO stretch mode.
Figure 2a displays, as a function of the cluster size, the experimentally
obtained frequency shifts ∆ν of the C–O stretch (black squares) and the
coupled CD3 deformation/C–O stretch (red circles) mode of the complexes
Aux(CD3OD)+ from the corresponding modes of the free CD3OD molecule, ∆ν =
ν(Aux(CD3OD)+) − ν(CD3OD) (the corresponding IR-MPD spectra are shown in
the Supplementary Material). The modes of Au(CD3OD)+ could not be obtained
since the spectrum is dominated by signal growth I/I0 > 1, arising, upon reso-
nant adsorption of laser light, from fragmentation of larger Au(CD3OD)y+ (y > 1)
species into Au(CD3OD)+. The error in the observed frequencies is estimated to
be ±5 cm−1, caused mainly by uncertainties in the wavelength calibration and
the band fitting procedure. Over the whole investigated size range, the frequency
shift of the 983 cm−1 mode is larger than that of the 1135 cm−1 mode, likely aris-
ing from the fact that the former is a pure C–O stretch vibration, whereas the
latter is a coupled C–O stretch vibration. The frequency shift of the pure C–O
stretch mode amounts to 84 cm−1 for Au2(CD3OD)+ and decreases to 67 cm−1
and 58 cm−1 for Au3(CD3OD)+ and Au4(CD3OD)+, respectively. Further increase
of the cluster size (up to seven gold atoms) influences only slightly the frequency
shift. The shift, ∆ν, of the coupled CD3 deformation/C–O stretch follows a simi-
lar trend. Since the C–O stretch vibration can be directly related to the activation
of the methanol molecule, this cluster size dependent frequency shift indicates a
decreasing methanol activation with increasing cluster size up to x = 4, whereas
the methanol activation is not considerably influenced for clusters in the size
range of 4 ≤ x ≤ 7. This size dependence is in overall good agreement with the
outcome of an earlier photodissociation study of Aux(CH3OH)+ focusing on the
931–983 cm−1 frequency range [29, 31]. In this earlier study, the C–O stretchmode
for Aux(CH3OH)+ has been estimated (the maximum of the resonance for x = 1–7
are in the frequency range of the Q-branch of the used CO2 laser and could only be
estimated) to be larger than 100 cm−1 for x = 1,2 and about 75 cm−1 (±5 cm−1)
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Fig. 2: Experimentally determined frequency shifts versus gold cluster size. (a) Frequency shift
∆ν of the methanol C–O stretch vibration (open black squares) and the coupled CD3 deforma-
tion/CO stretch vibration (open red circles) from the corresponding modes of free CD3OD in the
one-methanol complexes Aux(CD3OD)+. For comparison the theoretically obtained ∆ν of the
C–O stretch for Aux(CD3OH)+ are also shown (green triangles). (b) Frequency shift ∆ν of the
methanol C–O stretch vibration for one- and multi-methanol complexes Aux(CD3OD)y+. ∆ν =
ν(Aux(CD3OD)y+) − ν(CD3OD); the lines are drawn to guide the eye. The error of the frequency
shift is estimated to amount to±5 cm−1.
for x = 3–7. The ∆ν values determined here are about 10–20 cm−1 smaller than
the above measured values (over the whole size range investigated); this differ-
ence is likely caused by the different methods used in these studies for deriving
the vibrational frequencies.
Finally, Figure 2b shows the frequency shift of the C–O stretch mode of
Aux(CD3OD)y+ with up to five adsorbed methanol molecules. It should be noted
that the obtained frequency shift represents here an average value of all the
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y adsorbed CD3OD molecules. Only for Au(CD3OD)5+ and Au3(CD3OD)4+ two
separated peaks are observed which will be discussed below. In general, adsorp-
tion of multiple methanol molecules results in reduced values of ∆ν, indicating a
reduced average methanol activation. However, the data indicate that this effect
is also dependent on the gold cluster size. The largest decrease of ∆ν with the
number of adsorbed methanol molecules is observed for x = 1,2 and becomes
less pronounced for x = 3–5. Furthermore, for Au(CD3OD)5+ and Au3(CD3OD)4+
a double peak in the spectral region of the C–O stretch mode is observed. For
both clusters ∆ν of the first peak is similar to ∆ν of the complex with one and
two methanol molecules less, whereas ∆ν ≈ 0 for the second peak. This indicates
the formation of a second adsorption shell, with at least onemolecule bound only
very weakly, thus maintaining the properties of a free CD3ODmolecule. A general
reduction of ∆ν with the number of adsorbed molecules has previously also been
found for Aux(CH3OH)y+, although the ∆ν levelling off at a certain cluster size and
the splitting of the C–O stretch mode has not been reported [31].
3.3 Gold cluster-methanol interaction
The experimentally observed dependence of ∆ν on the cluster size and the num-
ber of adsorbed molecules can be understood by considering the interaction of
CD3OD with Aux+. Methanol binds to Aux+ via charge donation from methanol
to the cluster and the adsorption strength (and C–O bond activation) was previ-
ously found to depend on the positive charge concentrated on the adsorption site
[13]. Since with increasing cluster size the positive charge becomes delocalized
over an increasing number of gold atoms the methanol adsorption strength and
thus the methanol to gold charge donation and methanol activation decreases
with increasing cluster size. This effect is most pronounced for the smallest clus-
ter and can explain the decrease of ∆ν between x = 2 and 4 and the levelling off
for larger clusters. A similar argument has been used to explain the cluster size
dependent shift of the C–O stretch mode of carbon monoxide adsorbed on differ-
ent cationic, neutral, and anionic metal clusters [61]. In agreement, a decrease of
bond strength and/or molecule activation as a function of cluster size has also
been observed for e.g. methane [62], ethane [63], ethylene [64], and CO [65–67]
adsorbed on gold clusters.
This qualitative argument is in agreement with our theoretical findings: bind-
ing of a first CD3OD on Au+ leads to a charge transfer from CD3OD to the gold
atom resulting in a positive excess charge of q(CD3OD) = +0.31 e (in electron
charge units, e) on the methanol molecule (the charge value, q, is obtained from
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Bader charge analysis [68–70]), accompanied by a methanol binding energy of
Eb = 2.21 eV, and an activation of the C–O bond to d(C–O) = 1.482 Å (compare to
d(C–O) = 1.430 Å of free CD3OD). The charge (units of e), binding energy (in eV),
and C–O bond length (in Å) are continuously reduced to+0.29 e/1.70 eV/1.470 Å,
+0.19 e/1.45 eV/1.467 Å,+0.18 e/1.21 eV/1.464 Å, and+0.18 e/1.25 eV/1.467 Å for
Au2+, Au3+, Au4+, and Au5+. The decreasing C–O bond activation is directly
reflected in the theoretically obtained shifts of the C–O stretch vibration, shown
as green triangles in Figure 2a (∆ν is obtained fromcalculated frequencies for both
Aux(CD3OD)+ and CD3OD). The theoretically obtained ∆ν qualitatively mimic the
experimentally observed cluster sized dependence, although the absolute val-
ues are about 10–15 cm−1 too low indicating a slight underestimation of the
gold-methanol interaction in the theoretical simulations. Previous theoretical
studies on Aux(CH3OH)+ complexes focused on clusters with an odd number of
gold atoms. These calculations predict an overall strongermethanol-gold binding
and C–O bond activation, most likely slightly overestimating the gold-methanol
interaction [12, 13].
Furthermore, it has recently been shown for Aux(C2H6)y+ complexes that the
charge donation to the gold cluster per molecule decreases with increasing num-
ber of adsorbed molecules, due to the mutual interaction of these molecules with
the gold cluster [63]. The same behavior is also observed formethanol adsorption,
e.g. q(CD3OD) = +0.19 e, +0.17 e, and +0.15 e for y = 1,2,3 in Au3(CD3OD)y+
leading to a decrease of the C–O bond length with increasing number of adsorbed
molecules (d(C–O) = 1.467 Å for y = 1, 1.463 Å for y = 2, and 1.459 Å for y = 3).
This decrease in C–O bond activation is reflected in a decrease of ∆ν. This effect
is also most pronounced for small clusters since with increasing cluster size the
donated charge canbedelocalized over an increasingnumber of gold atoms, qual-
itatively explaining the large change of ∆ν with increasing number of adsorbed
methanol molecules for x = 1,2 and the considerably reduced effect for x = 3–5.
Previously, it has been shown that the methanol to gold charge donation not
only reduces the C–O bond order (i.e. activates the C–O bond) but also the O–H
bond order [13]. Although the O–D stretch mode is not accessible in the current
experiment (experimental: 2724 cm−1; theoretical: 2721 cm−1 for free CD3OD) we
have theoretically explored this mode. Indeed, the calculated vibrational spec-
tra reveal a red-shift of the O–D stretch mode of 72 cm−1 for Au(CD3OD)+ which
reduces to 31 cm−1 for Au4(CD3OD)+ in agreement with the decreasing methanol
to gold charge transfer with increasing cluster size. However, the exploration
of the complex geometry does not predict a significant O–D bond elongation
(<0.008 Å). Similarly, all C–H bond lengths are unaffected by complexation with
gold. Thus, the interaction between methanol and gold clusters leads to an acti-
vation of the CO bond but not to any noteworthy O–H or C–H bond activation.
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However, theoretical studies on e.g. V3+- [40] and Rh4Ru-methanol complexes
[11] showed that despite negligible O–H bond elongation the barrier for O–H
dissociation can be reduced upon complexation.
4 Conclusion
We have studied the interaction betweenmethanol and small gold clusters via IR-
MPD spectroscopy and DFT calculations. For the first time we present experimen-
tal and theoretical spectra in the spectral regionbetween615 cm−1 and 1760 cm−1
which allows for the observation of sevenmethanol fundamental modes. Besides
the previously discussed C–O stretch mode around 925 cm−1, a second mode,
namely a coupled CD3 deformation/C–O stretchmode around 1085 cm−1, is iden-
tified to be sensitive to the interaction between methanol and the gold cluster.
The red-shift of these modes compared to free CD3OD indicates C–O bond activa-
tion. This activation, however, ismost pronounced forAu(CD3OD)+ anddecreases
with increasing gold cluster size and increasing number of adsorbed methanol
molecules. Theoretical exploration of the geometric and electronic structure of
the gold-methanol complexes reveals that the experimentally obtained frequency
shift correlateswith themethanol to gold charge donation aswell as themethanol
C–O bond length. Furthermore, it is shown that none of the C–D bonds and the
O–D bond are significantly elongated upon adsorption on Aux+. These results
suggest that although methanol can be activated on gold particles, the gold-
methanol interaction is not sufficient to facilitate methanol decomposition. For
further conversion of methanol, promoters such as e.g. oxygen, or heterometal
atoms are necessary. Such promotion may be achieved through the addition of
molecular oxygen, an appropriate support material, or by doping of the gold
particles with other metals.
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